Overexpression of the 170-kDa P-glycoprotein (P-gp), a plasma membrane transporter which extrudes chemotherapeutic agents out of cells, has been associated with the multidrug resistance (MDR) of cancer cells. Numerous studies suggest that the principal physiological role for P-gp is to protect the organism from toxic substances.
Overexpression of the 170-kDa P-glycoprotein (P-gp), a plasma membrane transporter which extrudes chemotherapeutic agents out of cells, has been associated with the multidrug resistance (MDR) of cancer cells. Numerous studies suggest that the principal physiological role for P-gp is to protect the organism from toxic substances.
1) It is known that this efflux pump is also present in many normal tissues including the epithelium of the gastro-intestinal tract, the renal proximal tubule, the canalicular surface of the hepatocyte, and the endothelial cell surface comprising the blood brain barrier. 1) This ATP-dependent transporter extrudes a wide variety of structurally unrelated compounds, such as vinca alkaloids, etoposides, taxenes and anthracyclines. 2, 3) Compounds such as verapamil, dihydropyridine analogs, quinidine and cyclosporin A reversed this P-gp-mediated multidrug resistance due to their inhibition of transporter activity. 2, 3) In addition to these compounds, it has been revealed that flavonoids and other polyphenols modulate P-gp activity. [4] [5] [6] [7] [8] The important antioxidant activities of polyphenols are well known. Various studies on the structure-activity relationships of their antioxidant activities have been reported. 9) On the other hand, polyphenols, especially flavonoids, are known to modify various physiological functions by interacting with celluar enzymes such as cytochrome P450 and membrane transporters such as glucose transporter. [10] [11] [12] In addition to these activities, it has recently been revealed that polyphenols inhibit the function of ABC transporters such as multidrug resistance associated proteins (MRPs) and breast cancer resistant protein (BCRP), 13, 14) as well as P-gp mentioned above.
In this review we analyzed the effects of polyphenols on P-gp function from the standpoints of chemical structure, conformation and hydrophobicity by using multidrug-resistant human epidermal carcinoma cell line KB-C2 cells which overexpress P-gp. 15) Due to the inhibitory activities of polyphenols on P-gp function and their physiological safety, they are candidates for modulators of MDR. To find suitable candidates, it is important to clarify the structure-activity relationships of their inhibitory activities on P-gp function. To reveal the structure-activity relationships is also meaningful because the intake of dietary polyphenols may also alter drug pharmacokinetics and pharmacodynamics via inhibition of P-gp-mediated drug efflux in tissues such as the intestinal epithelium, blood-brain barrier, hepatocytes and renal tubular cells, 2) as well as via inhibition of cytochrome P450.
11) INHIBITION OF SUBSTRATE EFFLUX BY P-GLYCO-PROTEIN BY FLAVONOIDS
Flavonoids are a large group of polyphenolic compounds found commonly in fruits, vegetables and plant-derived beverages such as tea and red wine. 16) They are plant secondary metabolites and comprise more than 4000 known compounds. Flavonoids, which are water-soluble pigments responsible for the shades of yellow, orange, and red in flowering plants, are important factors for plant growth, development, and defense. 16) In addition to their well-known antioxidant activities, flavonoids have various biological activities such as anti-inflammatory, antiallergic, antiplatelet, and antitumoral activities. 17, 18) They are found in various herbs and traditional Eastern medicines. Although bioavailability of dietary flavonoids is very limited, they have been believed to exert protective effects in particular cardiovascular disease and cancer. 19) Flavonoids are composed of a common phenylchromanone structure, with one or more hydroxyl substituents. Variations in their heterocyclic ring give rise to flavonoid families such as flavanones, flavones, flavonols, flavanols, isoflavones, and anthocyanidins, as shown in Fig. 1 . Although the structureactivity relationships of flavonoids on P-gp functions have been studied, 6, 8, 20, 21) they are still not clear, especially concerning their effects in whole cells. We analyzed their effects on P-gp from the standpoints of chemical structure, conformation and hydrophobicity. 22, 23) We examined the effects of four tea catechins (flavanols), whose structures are shown in Fig. 2 , quercetin (flavonol) and its glycosides, genistein (isoflavone) and cyanidin chloride (anthocyanidin) on the accumulation of P-gp substrate rhodamine 123, which has often been used for the study of various P-gp transport modulaotors, in KB-C2 cells. In Fig. 3 the effects of flavonoids are shown as relative accumulation amount of rhodamine 123 in KB-C2 cells in the presence of various flavonoids. Among four tea catechins, (Ϫ)epicate-chin gallate (ECG) and (Ϫ)eigallocatechin gallate (EGCG), which are gallic acid esters and have galloyl moiety on the C-ring, increased cellular accumulation of the fluorescent substrate 2.1-fold and 3.7-fold at 100 mM, respectively. 22) Quercetin and cyanidin chloride also significantly increased cellular accumulation of the fluorescent substrate. The effect of EGCG was more significant than those of verapamil, which is often used as a P-gp inhibitor, and quercetin. On the other hand, isoflavone genistein had little effect. Two glycosides of quercetin, quercetin-3-O-glucoside and rutin, had no effect. 23) Increased accumulation of rhodamine 123 in individual cells in the presence of these catechins was confirmed by flow cytometry as shown for EGCG in Fig. 4 . 22, 23) The increase of cellular accumulation of rhodamine 123 in the presence of flavonoids is due to the inhibition of efflux as shown in Fig. 5 for the effect of EGCG. 22, 23) The results obtained in these studies indicated that the effects of flavonoids on P-gp function depend on their chemical structure.
RELATIONSHIP OF INHIBITORY EFFECTS OF FLAVO-NOIDS WITH THEIR CHEMICAL STRUCTURE AND HYDROPHOBICITY
To reveal the structure-activity relationship of the effects of flavonoids shown in Table 1 on P-gp, we examined their effects using daunorubicin as the P-gp substrate, because daunorubicin is more sensitive to inhibitory effects on P-gpmediated efflux than rhodamine-123. 24) Therefore, the effects of flavonoids are expected to be more clearly detectable. Firstly we examined the effect of the double-bond between the 2-and 3-position in the C ring. As shown in Fig. 6 , naringenin, which is flavanone and lacks the 2,3-double bond in the C ring like flavanols, had no effect on the accumulation of daunorubicin, although naringenin was more hydrophobic than myricetin, fisetin and morin. 23) These findings suggested the importance of the double bond in that position.
Since a hydrophobic interaction has been suggested for P-gp modulators, 6, 21) we measured the partition coefficients P oct of the flavonoids tested between n-octanol and PBS at 37°C. We examined the relationship between their inhibitory activity on P-gp function and their partition coefficients. As shown in Fig. 6 for the effects at 100 mM, except the effects of tea catechins and naringenin (flavanones), the effects of kaempferol, quercetin, myricetin, morin, fisetin (flavonols) and baicalein (flavone), which commonly have 2,3-double bond in the C ring, corresponded well with the order of their P oct values. Although these flavonols and flavone differ in the number and position of hydroxyl groups in flavonoid molecules, the difference seems to affect their activity toward P-gp via modifying their hydrophobicity.
From these findings, structure requirements were suggested for the inhibitory effects of flavonoids. Firstly, for flavonoids which do not have large substituents, the planar structure of flavonoids is important for their interaction with P-gp. For flavanones and flavanols, which lack the doublebond between the 2-and 3-position in the C ring, the stereoscopic relationship of the B ring with other A and C rings is different from that of flavones and flavonols which have the double-bond in that position. It has been reported that the torsion angles of the B ring in flavones and flavanols are smaller than those of flavanones. 14, 25) Therefore, the double bond confers a special structure on flavone and flavonol molecules that are largely planar so that they may more readily intercalate between the hydrophobic amino acid residues of P-gp. The importance of the 2,3-double bond has also been suggested for the interaction of the flavonoids with MRP1 and MRP2.
14) It has also been revealed for the interaction of flavonoids with enzymes such as 15-lipoxygenases. 26) Another point suggested from the study is that hydrophobicity is important for the inhibitory effects of the planar flavonoids, which do not have large substituents like the galloyl group, on substrate efflux by P-gp, regardless of the differences in the number and position of hydroxyl groups.
On the other hand, the effect of EGCG (flavanol), which does not have a planar structure, was much larger than expected from its hydrophobicity. The inhibitory effects of the tea catechins did not depend on their total hydrophobicity, but significantly depended on their chemical structure. The presence of galloyl moiety on the C-ring markedly increased the n-octanol/PBS partition coefficients of the catechins and their activity on P-gp. On the other hand, the presence of the trihydric pyrogallol group as the B-ring decreased the partition coefficients but increased the activity on P-gp, compared with the action on the corresponding catechins with a dihydric catechol B-ring. 22) Therefore, interaction of the non-planar tea catechins with P-gp seems to be different from that of the planar flavones and flavonols.
INHIBITION OF SUBSTRATE EFFLUX BY P-GLYCO-PROTEIN BY OTHER POLYPHENOLS
Alkyl gallates (3,4,5-trihydroxybenzoic acid alkyl esters), propyl, octyl and dodecyl gallates, are widely used as food antioxidants in oils and butters. 27, 28) They have also been shown to possess antibacterial activities. 29) In relation to the effects of tea catechins mentioned above, we tried to eluci- date the role of both the hydrophobic moiety (alkyl chain) and gallic acid moiety on their modifying effects on P-gp function by clarifying the effects of three alkyl gallates and their related compounds (Fig. 7) on P-gp function. 30) We examined the effects of n-butyl, n-octyl, and n-dodecyl gallates, whose numbers of carbon atoms in their alkyl chains are 4, 8, and 12 respectively, on the accumulation of daunorubicin in KB-C2 cells. As shown in Fig. 8 for the dose-dependent effects, n-butyl gallate had no significant effect, and marked increasing effects were observed for the other two alkyl gallates. 30) Maximum effects were observed for n-dodecyl gallate. The effect of n-dodecyl gallate was similar to that of EGCG. There was no effect of the nonionic detergent n-dodecyl-b-D-maltoside (Fig. 7) , which has an n-dodecyl group but no phenol group. 30) We furthermore examined the effect of n-dodecyl resorcinol (Fig. 7) , which has an n-dodecyl group as its alkyl chain on the resorcinol ring. As shown in Fig. 9 , n-dodecyl resorcinol increased the accumulation of daunorubicin. However, the effect was smaller than that of n-dodecyl gallate. The effect of n-didodecyl- (2,2Ј,3,3Ј,4,4Ј-hexahydroxy) -biphenyl-6,6Ј-dicarboxylate, which has an n-dodecyl gallate dimeric structure, was also smaller than that of n-dodecyl gallate. There was no effect of lauric acid, which has twelve carbon atoms but no phenol group. We confirmed that the enhanced accumulations of rhodamine 123 and daunorubicin in the presence of alkyl gallates was due to the inhibition of the Pgp-mediated efflux of the substrates by efflux experiment. 30) To demonstrate the effect of alkyl gallates on the cytotoxicity of P-gp substrate anticancer drugs, we next examined the effect of n-octyl gallate on the cytotoxicity of daunorubicin. The addition of n-octyl gallate (6.25, 12.5, 25 mM) recovered the cytotoxicity of daunorubicin, as shown in Fig. 10 . A similar effect on the recovery of daunorubicin cytotoxicity was also observed in the presence of 6.25 mM and 12.5 mM n-dodecyl gallte. 30) Although the effective concentrations of alkyl gallates were different from those in the accumulation study due to differences in cell numbers, the trend of daunorubicin cytotoxicity enhancement by alkyl gallates was consistent with the results described above, whereby alkyl gallate increased the cellular accumulation of daunorubicin due to their inhibition of P-gp-mediated drug efflux.
Other dietary polyphenols curcumin and resveratrol (Fig. 11) , which are found in turmeric and grapes, 31,32) also inhibited substrate efflux by P-gp, 31, 33) although the effect of the latter was small. 33) We recently found that polygalloylglucoses such as tannic acid and pentagalloylglucose (Fig. 11 ) had significant inhibitory effects on P-gp function. We also found inhibitory effects for nordihydroguaiaretic acid (Fig. 11) . Therefore, there is a possibility that a large variety of polyphenols have inhibitory activities on P-gp function. As revealed for n-alkyl gallates and suggested by the effects of these polyphenols, a large hydrophobic region in addition to the phenolic hydroxyl groups seems to be commonly necessary for the interaction.
MECHANISM OF THE EFFECTS OF POLYPHENOLS
The inhibitory mechanisms of flavonoids and other polyphenols on P-gp function have been studied, and those shown in Table 2 have been suggested. Inhibition of substrate binding to P-gp and inhibition of ATPase activity have been reported. For example, flavonoids such as morin and silymarin have been reported to inhibit P-gp substrate azidopine binding to P-gp. 4, 7) Inhibition of ATPase activity by EGCG has also been reported. 34) We also found significant inhibitory effects of polygalloylglucose on verapamil-stimulated P-gp ATPase activity. Flavonoids have been suggested to be modulators with bifunctional interactions at vicinal ATP-binding sites and steroid-interacting regions, which are expected to be in close proximity to the ATP-binding site, within a cytosolic domain of P-gp. 6, 20) Flavonoids may induce their binding affinity towards NBD2 of P-gp through their ability to mimic the adenine moiety of ATP. Therefore, hydrophobic moiety of polyphenols may be important for interaction at the steroid-interacting hydrophobic sequence of P-gp. 6, 20) Hydroxyl groups in polyphenols such as those in the gallic acid moieties of tea catechins and alkyl gallates may be important in polar interactions with P-gp, 35) possibly at the ATP-binding site. In addition to the direct interaction with P-gp, down regulation of MDR1 gene expression by polyphenols such as EGCG has also been reported. 34) 
CONCLUSION
For the flavonoids which do not have large substituents such as the galloyl group, in addition to the presence of hydroxyl groups, the planar structure of the flavonoids and their hydrophobicity seem to be important, especially for their interaction with the hydrophobic region of P-gp. For non-planar flavonoids which have large substituents like the galloyl group and other polyphenols, the presence of a large hydrophobic region as well as the presence of neighboring hydrophilic hydroxyl groups seem to be important for the interaction with P-gp.
The bioavailability of polyphenols in food and food additives is limited Therefore, plasma concentration of each polyphenol seems to be low. However, synergistic effects of the various absorbed polyphenols on P-gp function should be considered. 
